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Abstract
Understanding the binding mechanisms for aromatic molecules on transition-metal surfaces, 
especially with defects such as vacancies, steps and kinks, is a major challenge in designing 
functional interfaces for organic devices. One important parameter in the performance of 
organic/inorganic devices is the barrier of charge carrier injection. In the case of a metallic 
electrode, tuning the electronic interface potential or the work function for electronic level 
alignment is crucial. Here, we use density-functional theory (DFT) calculations with  
van der Waals (vdW) interactions treated with both screened pairwise (vdWsurf) and  
many-body dispersion (MBD) methods, to systematically study the interactions of benzene 
with a variety of stepped surfaces. Our calculations confirm the physisorptive character 
of Ag(2 1 1), Ag(5 3 3), Ag(3 2 2), Ag(7 5 5) and Ag(5 4 4) surfaces upon the adsorption of 
benzene. The MBD effects reduce the adsorption energies by about 0.15 eV per molecule 
compared to the results from the DFT  +  vdWsurf method. In addition, we find that the higher 
the step density, the larger the reduction of the work function upon the adsorption of benzene. 
We also study the effect of vdW interactions on the electronic structure using a fully self-
consistent implementation of the vdWsurf method in the Kohn–Sham DFT framework. We 
find that the self-consistent vdWsurf effects increase the work function due to the lowered 
Fermi level and the increased vacuum level. As a result, the benzene/Ag(2 1 1) system has 
the lowest work function (3.67 eV) among the five adsorption systems, significantly smaller 
than the work function of the clean Ag(1 1 1) surface (4.74 eV). Our results provide important 
insights into the stability and electronic properties of molecules adsorbed on stepped metal 
surfaces, which could help in designing more appropriate interfaces with low work functions 
for electron transfer.
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1. Introduction
Interfaces between organic molecules and metal surfaces 
play an increasingly important role in numerous organic 
(opto)electronic devices [1–3]. The performance of efficient 
devices is often determined by the adsorption and interac-
tions of such hybrid inorganic-organic systems (HIOS). In 
most cases, close-packed metal surfaces were extensively 
studied due to their high stability and easy processability 
[4–7]. However, vacancies, kinks, and steps are inevitable in 
actual devices, and they often dictate the adsorption dynamics 
and determine the activity of catalysts [8–14]. Therefore, 
modeling electronic properties of molecules interacting with 
non-pristine surfaces is crucial for understanding the relevant 
properties of realistic HIOS. Notably, stepped surfaces, espe-
cially step edge sites, have been proposed to be more suit-
able than flat surfaces for building ordered two-dimensional 
molecular structures at low coverage [15–17].
The electron transport properties in HIOS have attracted 
considerable interest in the field of nanoscale electronics [18]. 
One important parameter governing electron transport at the 
metal-organic interface is the work function. Low work func-
tion interfaces are appropriate for electron transport [19, 20]. 
The work functions of surfaces can be tuned by molecular 
adsorption and coverage, with van der Waals (vdW) interac-
tions playing a prominent role in the properties of interfaces 
[21–24]. For example, our recent study found that the adsorp-
tion can decrease the work function of the clean Cu(1 1 1) 
 surface by 0.85, 0.71 and 0.74 eV for olympicene, its radical, 
and its ketone, respectively [23]. In addition, Bauert et al [24] 
reported that work functions decrease linearly with increasing 
coverage. The studies above included the vdW force in the 
calculations, but neglected the pronounced contributions 
of many-body electronic correlations, which arise from the 
collective electronic fluctuations in the combined molecule/ 
surface system [25]. The vdW interactions have been shown 
to strongly affect the stability and structure of hybrid systems 
[26–30]. However, the most widely employed vdW-inclusive 
methods simply add a correction to the density-functional 
theory (DFT) total energy in the form of a non-local inter-
action energy [31, 32]. On the other hand, a self-consistent 
(SC) interatomic vdW density functional adds the electronic 
vdW potential to the exchange-correlation potential to form 
the total Kohn–Sham effective potential [33]. Early studies 
revealed that a SC treatment of both the vdW-DF functional 
and density-dependent dispersion correction lead to tiny mod-
ifications of the structure and stability of molecular dimers 
and crystals [34–37]. However, Ferri et  al [33] recently 
reported that SC vdW effects can affect work functions for 
metal  substrates, particularly for Rh and Ag, and at organic/
metal interfaces. As such, their findings are also strongly sug-
gestive of the potential importance of long-range vdW effects 
in properties beyond the electronic ground state. However, 
they only studied the (1 1 1) close-packed metal surfaces.
In this work, we systematically study the adsorption of 
benzene on stepped (2 1 1), (5 3 3), (3 2 2), (7 5 5) and (5 4 4) 
surfaces of Ag, due to the frequent use of Ag as an electrode. 
We use DFT calculations with vdW interactions treated with 
both screened pairwise (vdWsurf) [21] and many-body dis-
persion (MBD) [25, 38] methods. Our calculations show that 
the benzene is weakly adsorbed on the five surfaces with a 
small amount of charge transfer, which indicates a physisorp-
tive character. Thus, the adsorption energies are close to that 
of benzene/Ag(1 1 1). On the other hand, the adsorption of 
 benzene induces a linear reduction versus increasing step den-
sity in the work function for all five surfaces. Consequently, the 
work function of Ag(2 1 1) decreases the most upon benzene 
adsorption (by 0.92 eV) in comparison with the clean Ag(2 1 1) 
surface when treating vdW interactions fully self-consistently. 
Therefore, low work functions can be obtained by tuning the 
work functions of metal surfaces via molecular adsorption and 
steps.
2. Computational details
We performed DFT calculations using the semi-local 
 Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional 
[39]. Several methods of increasing complexity are used in this 
work to model structure, stability, and electronic properties of 
stepped Ag surfaces. To guide the reader, here we provide a suc-
cinct description of the different methods employed throughout 
this work:
 (i) DFT  +  vdWsurf: The DFT  +  vdWsurf method [21] 
 combines the effective pairwise atom-atom approximation 
with the electrodynamic screening of vdW interactions 
employing the Lifshitz–Zaremba–Kohn theory [40] for 
the dielectric screening within the metal surface. This 
approach adds the dispersion energy to the DFT total 
energy given as a sum of − −C Rab ab6
6 terms, where Rab is the 
distance between atoms a and b. The collective screening 
of the substrate electrons captured via the vdWsurf method, 
are in the determination of the C6 coefficients and vdW 
radii (vdW parameters), going beyond the interatomic 
pairwise description effectively.
 (ii) DFT  +  MBD: Different from the vdWsurf method, the 
many-body dispersion (MBD) method [25, 38] computes 
the long-range correlation energy through the coupled 
harmonic oscillator model Hamiltonian, and treats 
dipolar vdW interactions to all orders in perturbation 
theory beyond the vdWsurf method. Moreover, the MBD 
method avoids the explicit use of single-electron orbitals, 
allowing for a favorable N3 scaling (N is the number of 
atoms) and a negligible computational cost. This method 
has been demonstrated to perform very well for supra-
molecular systems, molecular crystals, nanoclusters, and 
layered nanostructures [25, 41–45].
 (iii) DFT  +  sc-vdWsurf: We also used the self-consistent 
vdWsurf (sc-vdWsurf) method [33] to examine the effects 
of vdW interactions on the work function of benzene on 
Ag stepped surfaces. In the sc-vdWsurf method the elec-
tronic vdW potential is added to the exchange-correlation 
potential to form the total Kohn–Sham effective poten-
tial, modifying the single-particle eigenfunctions and 
eigenvalues resulting from a SC solution of the electronic 
Kohn–Sham equations.
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All DFT calculations in this work have been performed 
using the ‘tight’ computational settings in the FHI-aims 
all-electron code [46, 47], applying a scaled zeroth-order reg-
ular approximation (ZORA) for treating relativistic effects. 
We set the following thresholds for the convergence criteria: 
10−2 eV 
−
A˚
1
 for the final forces in all structural relaxations, 
10−5 electrons for the electron density, and 10−5 eV for the 
total energy of the system.
Here, we focus on five stepped surfaces with the same 
Miller indices of Ag(n  +  1, n  −  1, n  −  1), with n  =  3, 4, 5, 
6 and 9. Note that n denotes the number of atom rows on 
the (1 1 1) terraces that are separated by monoatomic (1 0 0) 
steps. Thus, the above stepped surfaces can also be noted as 
Ag[n(1 1 1)  ×  (1 0 0)] [48]. For each surface, the step density, 
N, is defined as N  =  1/[D(n  −  1/2)] (step sites per unit length) 
[49], where D is the atomic diameter of Ag (2.88 A˚). For the 
adsorption of benzene, the Ag(2 1 1), (5 3 3), (3 2 2), (7 5 5) and 
(5 4 4) surfaces were modeled by periodic ( ×1 3) unit cells, 
containing 15, 20, 26, 30 and 44 atomic layers separated by 
at least 100 A˚ of vacuum. For geometry optimizations, the 
molecule and the 6, 8, 10, 12 and 19 uppermost metal layers 
were fully relaxed, while the metal atoms of the bottommost 
9, 12, 16, 18 and 25 layers were constrained at their bulk posi-
tions. These computational settings guarantee a convergence 
in the adsorption energies and work functions better than 20 
and 30 meV, respectively (see tables S1–S3).
3. Results and discussion
3.1. Adsorption energies and equilibrium geometries
We first determined the most preferable geometries for ben-
zene on Ag(2 1 1), (5 3 3), (3 2 2), (7 5 5) and (5 4 4) surfaces 
at step and terrace sites (‘top’, ‘bridge’, ‘hcp-hollow’ and 
‘fcc-hollow’), and two orientations of C–C bond being rotated 
with respect to the neighboring metal-metal bond (0° and 30°) 
with exhaustive methods (see figure S1). We used the PBE  + 
vdWsurf method for geometry relaxation and further employed 
the MBD method for single-point energy calculations at the 
PBE  +  vdWsurf geometry. The adsorption energies (Eads) of 
benzene on Ag stepped surfaces were determined by,
= − −E E E Eads sys M Bz (1)
where Esys, EM, and EBz denotes the total energy of the adsorp-
tion system, the relaxed bare metal slab, and the relaxed 
gas-phase benzene, respectively.
The most stable adsorption structures are found at the 
bridge site on step edges (see figure 1). As shown in table 1, 
the largest adsorption energy of benzene is on Ag(3 2 2) 
with both PBE  +  vdWsurf (−0.85 eV) and PBE  +  MBD 
(−0.70 eV) methods. Oppositely, benzene/Ag(5 4 4) and ben-
zene/Ag(2 1 1) have the smallest adsorption energies with 
PBE  +  vdWsurf (−0.76 eV) and PBE  +  MBD (−0.62 eV). 
The PBE  +  MBD adsorption energies are consistently smaller 
than those of PBE  +  vdWsurf. The reduction in binding at 
the PBE  +  MBD level when compared with PBE  +  vdWsurf 
stems from significant interface polarization redistribution 
due to many-body correlation effects [45]. Interestingly, the 
many-body effects yield very similar contributions in the 
binding energies of the different stepped surfaces. Actually, 
the largest difference in binding energies is only 0.08 eV per 
molecule with both PBE  +  MBD and PBE  +  vdWsurf and 
is found between benzene/Ag(3 2 2) and benzene/Ag(2 1 1). 
To understand the almost identical adsorption energies, 
we decompose the total adsorption energies into local and 
non-local contributions. We find that the contributions either 
from PBE or MBD all have small differences among the five 
systems (less than 0.07 eV per molecule). The smaller adsorp-
tion energies also indicate the physisorptive character of Ag 
stepped surfaces. Besides energetics, the nature of bonding 
in the five systems can also be evidenced by their adsorption 
geometries. As shown in figure 1, the distances are larger than 
2.79 A˚ between the center of mass of the molecule and the 
step edge of the surface. Figure 1 also illustrates that benzene 
tends to be parallel to the terrace with increasing terrace width. 
The adsorption energy of benzene/Ag(5 4 4) is  −0.76 eV from 
PBE  +  vdWsurf, which is close to that of benzene/Ag(1 1 1) 
(−0.79 eV) [50]. Therefore, the adsorption of adsorbates on 
the series of Ag( +n 1, n  −  1, n  −  1) stepped surfaces would 
be similar to the (1 1 1) surface when n is sufficiently large.
3.2. Electronic properties of the adsorption systems
Besides adsorption structures and energetics, we also com-
puted projected densities of states on the molecule (MODOS) 
for benzene on Ag stepped surfaces, from which the physiso-
rptive character of the systems can be clearly seen. As shown 
in figure 2, the adsorption breaks the degeneracy of HOMO 
and HOMO-1 orbitals of the adsorbed benzene, due to the per-
turbation by the metal substrates. The analysis of the occupa-
tion of projected orbitals indicates that for Ag(2 1 1), (5 3 3), 
(3 2 2), (7 5 5) and (5 4 4) surfaces there are more than 1.888 
electrons in the HOMO orbital. Meanwhile, the occupation 
number of the LUMO state is less than 0.039 electrons. The 
electronic occupation number indicates a small amount of 
charge transfer upon the adsorption of benzene and further 
demonstrates the physisorptive character of the five surfaces. 
We also compared the MODOS of the five stepped systems 
with benzene/Ag(1 1 1) [50]. Figure  2(f) shows that the 
HOMO and HOMO-1 orbitals of the adsorbed benzene on 
Ag(1 1 1) remain degenerate, which indicates that the stepped 
surfaces are more reactive than the Ag(1 1 1) surface.
The redistribution of charge upon adsorption is most sensi-
tively reflected in a change of the surface dipole, and hence in 
the work function. Therefore, we computed the change in the 
work function of the stepped surfaces due to the adsorption 
of benzene (figure 3), compared with the benzene/Ag(1 1 1) 
system. We find that work functions of the five clean stepped 
surfaces are close to each other (with less than 0.16 eV differ-
ence), and are all smaller than the one of the Ag(1 1 1) surface 
(4.44 eV) [33].
Figure 3 also shows that the adsorption of benzene on the five 
stepped surfaces leads to a reduction in the work function com-
pared to the clean surfaces. More importantly, when increasing 
step density from 0.04 (n  =  9) to 0.14 (n  =  3) 
−
A˚
1
 (surface 
 coverage from 0.55 to 1.64 −nm 2) we find a monotonous decrease 
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of work function from 3.92 to 3.49 eV upon the adsorption of 
benzene. This leads to the reduction of work function values in 
the range of 0.43–0.71 eV with respect to the clean surfaces. In 
general, the molecular adsorption changes the work function of 
the bare surface by generating an interface dipole. To understand 
the decrease in the work function values, we decompose the 
total dipole into the dipole at the interface, called bond dipole, 
and the molecular dipole perpendicular to the surface [51]. As 
shown in table 2, the reduction of work function is mainly due 
to the bond dipole, which is an effect of the redistribution of 
electron density. For weakly bound benzene, the bond dipole 
is predominantly attributed to the effect of Pauli repulsion, or 
‘push-back’ effect [52]. Due to the physisorptive character of 
benzene on the studied surfaces, there is negligible deformation 
of the molecular structure which can induce a molecular dipole 
that would also contribute to the change in the interface work 
function. Note that, increasing the surface coverage from 0.25 
monolayers (ML) to 1 ML can also lead to a rapid reduction 
in work functions [24], which demonstrates again that the work 
function can be tailored by surface coverage.
Figure 1. Top views and side views of a benzene molecule adsorbed on (a) Ag(2 1 1), (b) Ag(5 3 3), (c) Ag(3 2 2), (d) Ag(7 5 5) and  
(e) Ag(5 4 4) stepped surfaces. Blue, grey and white denote silver, carbon and hydrogen atoms, respectively. The distance between the geometric 
center of the molecule and the step edge atoms, and the angle between the molecule and the plane of terrace are also shown in the figure.
Table 1. Computed binding energies and adsorption structures for benzene on stepped surfaces of Ag at the most preferable sites. The PBE 
and MBD values are decomposed from the PBE  +  MBD adsorption energies. d is distance between the center of mass of the molecule and 
the step edge of the surface. θ is the angle between the molecule and the plane of terrace.
Systems
Eads (eV)
d (A˚) θ (°)PBE  +  vdWsurf PBE  +  MBD PBE MBD
Benzene/Ag(2 1 1) −0.77 −0.62 −0.01 −0.61 2.90 34.1
Benzene/Ag(5 3 3) −0.81 −0.65 −0.04 −0.61 2.93 32.3
Benzene/Ag(3 2 2) −0.85 −0.70 −0.05 −0.65 2.91 32.4
Benzene/Ag(7 5 5) −0.83 −0.68 −0.04 −0.64 2.88 32.0
Benzene/Ag(5 4 4) −0.76 −0.63 −0.05 −0.58 2.79 14.4
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Finally, we utilized the sc-vdWsurf method to examine the 
effects of electronic self-consistency in vdW interactions on 
the work function of benzene on Ag stepped surfaces. For 
the five clean surfaces the work functions computed with the 
PBE  +  sc-vdWsurf method are 4.59–4.74 eV, being at least 
0.39 eV larger than those of PBE  +  vdWsurf. Since the vdW 
radius of the Ag atom (2.57 A˚) is smaller than the interatomic 
distance of Ag (2.88 A˚), self-consistency yields to a net accu-
mulation of electron density in the interstitial and vacuum 
regions coupled with a depletion within the metal layers. 
Consequently, the combination of the lowered Fermi level 
due to the attractive Coulombic interaction between the metal 
layers and the interstitial region, and an increased vacuum 
level, induced by a larger surface dipole due to the extension 
of the electron density above the surface, ultimately increases 
the work function of Ag(1 1 1) surface from 4.44 to 4.74 eV 
[33] (see table S4).
Note that, the adsorption of benzene leads to a signifi-
cant reduction (0.53–0.92 eV) in the work function of the 
surface with the PBE  +  sc-vdWsurf method, larger than that 
with PBE  +  vdWsurf. The Ag(2 1 1) surface has the lowest 
work function upon the adsorption of benzene among these 
five surfaces. The self-consistent work function of benzene/
Ag(2 1 1), which has the largest surface coverage (1.64 
−nm 2), is 0.59 eV lower than that of benzene/Ag(5 4 4) 
with the smallest surface coverage (0.55 −nm 2). However, 
the work function of Ag(2 1 1) is 0.20 eV lower than that 
of Ag(5 4 4). Therefore, our calculations clearly demon-
strate that the reduction of the work function stems from 
two aspects: both the increased surface coverage and the 
increased step density of metal surfaces.
The large reduction in the work function is due to the modi-
fication of the interface dipole of the surfaces. In this regard, 
the SC effects considerably modify the Fermi levels of the five 
systems. In contrast, the computed Fermi levels of the non-self-
consistent method are close to each others. This leads to the 
different slopes of self-consistent work functions, in compar-
ison to those from the PBE  +  vdWsurf method (see table S5). 
In analogy to the results computed by PBE  +  vdWsurf, 
Figure 2. Density of states projected on the free benzene molecule HOMO-1, HOMO and LUMO orbitals for benzene on (a) Ag(2 1 1), 
(b) Ag(5 3 3), (c) Ag(3 2 2), (d) Ag(7 5 5), (e) Ag(5 4 4) and (f) Ag(1 1 1) surfaces. The zero of energy corresponds to the Fermi level.
Figure 3. Work functions for clean Ag surfaces and benzene/Ag 
adsorption systems versus step density, calculated with  
PBE  +  vdWsurf (indicated by dotted lines) and PBE  +  sc-vdWsurf 
(solid lines).
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the changes of work function with PBE  +  sc-vdWsurf method 
are also due to the bond dipole. However, the values of bond 
dipole increase significantly with respect to those without 
vdW self consistency (table 2). We thus conclude that there is 
a non-trivial connection between electrostatics and long-range 
electron correlation effects, which affects the computed work 
functions.
4. Conclusion
We have used the screened vdW and many-body dispersion 
methods to systematically study benzene adsorbed on the 
stepped surfaces of Ag. We find that the MBD effects play 
a prominent role for all the systems studied, reducing the 
binding energies by about 0.15 eV per molecule with respect 
to the results from the DFT  +  vdWsurf method. Our calcul-
ations also show that work functions can be tailored by the 
surface coverage and step density of metal surfaces. The 
higher the step density, the larger the reduction of the work 
function. We further examine the effects of vdW interactions 
on the work function and find that the sc-vdWsurf effects can 
lead to larger reduction of the work function in comparison 
to DFT  +  vdWsurf. As a result, the Ag(2 1 1) stepped surface 
with the highest step density would be the most promising 
candidate to design electronic devices, due to its lowest work 
function upon the adsorption of benzene.
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